We present a study of the radio properties of 870 µm-selected submillimetre galaxies (SMGs), observed at high resolution with ALMA in the Extended Chandra Deep Field South. From our initial sample of 76 ALMA SMGs, we detect 52 SMGs at > 3σ significance in VLA 1400 MHz imaging, of which 35 are also detected at > 3σ in new 610 MHz GMRT imaging. Within this sample of radio-detected SMGs, we measure a median radio spectral index α 1400 610 = −0.79 ± 0.06, (with inter-quartile range α = [−1.16, −0.56]) and investigate the far-infrared/radio correlation via the parameter q IR , the logarithmic ratio of the rest-frame 8-1000 µm flux and monochromatic radio flux. Our median q IR = 2.56 ± 0.05 (inter-quartile range q IR = [2.42, 2.78]) is higher than that typically seen in single-dish 870 µm-selected sources (q IR ∼ 2.4), which may reflect the fact that our ALMA-based study is not biased to radio-bright counterparts, as previous samples were. Finally, we search for evidence that q IR and α evolve with age in a co-dependent manner, as predicted by starburst models: the data populate the predicted region of parameter space, with the stellar mass tending to increase along tracks of q IR versus α in the direction expected, providing the first observational evidence in support of these models.
INTRODUCTION
Since their discovery in the late 1990s, it has become apparent that submillimetre-selected galaxies (SMGs: Blain et al. 2002;  c 2014 RAS Casey et al. 2013 ) are massive, high-redshift (z ∼ 2), far-infrared luminous (LIR 10 12 L⊙) galaxies, which host prodigious dustenshrouded starbursts with star-formation rates (SFR) as high as ∼ 10 3 M⊙ yr −1 . SMGs are a thousand times more numerous at z ∼ 2 than are similarly (ultra-)luminous infrared galaxies at z ∼ 0 (ULIRGs: Sanders & Mirabel 1996) , and are believed to account for a significant fraction ( 20%) of the star formation rate density at z ∼ 2 (e.g. Hughes et al. 1998; Casey et al. 2013; Swinbank et al. 2014) . Nevertheless, detailed understanding of SMGs and the role they play in the build-up of stellar mass in the Universe has proven challenging, due largely to a combination of the poor angular resolution (and the resulting high confusion noise) of the single dish maps in which SMGs are first detected, and to the faintness of SMGs in bands other than the submillimetre, both of which make robust and unambiguous identification of counterparts at other wavelengths difficult.
Radio imaging has provided one means of identifying samples of SMGs at high-angular resolution (e.g. Ivison et al. 1998; Smail et al. 2000) , via the assumption that they obey the observed correlation between far-infrared (far-IR) and radio luminosities seen in star-forming galaxies (e.g. de Jong et al. 1985; Appleton et al. 2004 ). This far-IR/radio correlation (FIRRC) is believed to arise due to a balance between two key processes in the lives of massive (M > 8 M⊙) stars: emission in the farinfrared is produced when their UV/optical photons are absorbed and reprocessed by dust, while the radio luminosity is powered predominantly via synchrotron emission of cosmic ray electrons and positrons, caught in the magnetic fields of supernova remnants, formed when these same massive stars die (Voelk 1989; Lacki & Thompson 2010) . Balance is achieved between these two emission processes when the duration of the starburst exceeds the typical lifetimes of these massive stars (> 10 Myr).
The tightness of the FIRRC has made it a valuable tool in the study of galaxy evolution, having been used: (i) to estimate the SFR of dusty nuclear starbursts (Condon 1992); (ii) as an ageestimator for starbursting galaxies, based on whether they show excess infrared or radio emission (Bressan et al. 2002) ; (iii) as a means of searching for radio-excess AGN (Donley et al. 2005; Del Moro et al. 2013) ; and (iv) as a very crude redshift estimator (SMGs: Carilli & Yun 1999) .
In recent years, efforts have been made to push studies of the FIRRC to higher redshifts, and in particular, to test whether, it evolves with redshift (e.g. Garrett 2002; Boyle et al. 2007; Ibar et al. 2008; Seymour et al. 2009; Sargent et al. 2010; Bourne et al. 2011; Barger et al. 2012) , as may be expected given the dependence of the inverse Compton cooling rate on the temperature of the Cosmic Microwave Background (Carilli & Yun 1999; Schleicher & Beck 2013) . Notably, Ivison et al. (2010a) studied the evolution with redshift of the logarithmic ratio qIR = log 10 SIR 3.75 × 10 12 W m 
where SIR is the rest-frame 8-1000µm flux and S1.4GHz is the restframe 1.4-GHz flux density, finding a modest evolution qIR ∝ (1 + z) γ with γ = −0.15 ± 0.03, (later revised to γ = −0.26 ± 0.07 as Herschel data became available; Ivison et al. 2010b) .
These studies have, however, suffered from several limitations. Firstly, as noted above, the poor angular resolution (∼ 10-20 ′′ ) of the single-dish submillimetre maps in which SMGs are first detected makes it difficult to locate the starburst which powers their prodigious far-IR emission, and has the potential to blend several distinct sources, leading to over-estimation of the far-infrared luminosities of any identified counterparts (e.g. Hodge et al. 2013) . Secondly, the use of radio IDs to locate counterparts to submillimetre sources introduces a strong bias towards those sources which happen to be radio-luminous, and additionally introduces a redshift bias due to the strong K-correction experienced in the radio bands. Thirdly, in order to determine the radio luminosities of galaxies, it is necessary to K-correct the observed flux densities assuming Sν ∝ ν α , where the spectral index α is typically unconstrained. While α = −0.7 or −0.8 is commonly assumed (based on the measurements of Ibar et al. 2010) , steep spectra (α < −1.0) are sometimes seen in early-stage mergers, and flat or inverted spectra (α > 0) can be associated with the large free-free optical depths of fully coalesced mergers (e.g. Murphy 2013), or with dominant, strongly synchrotron self-absorbed AGN (Kaiser 2006) . Hence the assumption of a single radio spectral index for all SMGs is a simplification which may bias the interpretation of the FIRRC.
In this paper, we circumvent these limitations by bringing together high-angular resolution 870 µm observations from the Atacama Large Millimeter Array (ALMA), 1.4 GHz observations from the Karl G. Jansky Very Large Array (VLA) and new 610 MHz Giant Metre-Wave Radio Telescope (GMRT) observations covering the Extended Chandra Deep Field South (ECDFS). The ALMA observations allow us to obtain precise positions for a sample of SMGs, allowing us to unambiguously identify their radio counterparts without reliance on statistical associations to mid-IR/radio counterparts. We then combine the two radio maps to determine individual spectral indices for these SMGs, allowing us to individually K-correct their observed radio flux densities (without having to assume an average spectral index), and thus measure qIR for a sample of SMGs free from the biases inherent in using prior radioidentified counterparts. Throughout this paper, we use a cosmology with H0 = 71 km s −1 Mpc −1 , Ωm = 0.27, and ΩΛ = 0.73, which gives an angular scale of 8.5 kpc arcsec −1 at z = 2.
OBSERVATIONS AND SAMPLE SELECTION

ALMA 870-µm observations
These observations were presented in Hodge et al. (2013) , in which detailed descriptions of the data reduction and imaging are given. Briefly, we observed 122 of the 126 known submillimetre sources from the LABOCA ECDFS (LESS) survey of Weiß et al. (2009) with ALMA's Band 7 receivers (870-µm) in Cycle 0, between 2011 October 18 -November 3. With ∼ 15 antennas available for each track, and using CLEAN with natural weighting, we achieve a typical synthesized beam of ∼ 1.6 × 1.2 ′′ , and with on-source integration times of ∼ 120 s per source, reach a typical RMS sensitivity of σ ∼ 0.4 mJy beam −1 , some 3× deeper and with a beam area 200× smaller than the original single-dish LESS observations. Of these 122 ALMA maps, 88 have a primary beam corrected RMS < 0.6 mJy and a beam axial ratio < 2.0. We extract 99 SMGs at S/N > 3.5 from 69 of these 88 maps -the ALESS MAIN sample -while 17 of the maps (20%) contain no ALMA counterpart, most likely due to multiplicity effects (see Karim et al. 2013; Hodge et al. 2013) .
served six positions, placed equidistant on a circle of radius 0.2 deg, centred on 03h 32m 28.0s −27
• 48 ′ 30 ′′ (J 2000) . The total bandwidth was 32 MHz, split into 512 channels, centred at 610 MHz, recording RR and LL polarisations with a time resolution of 2 s.
Data reduction was accomplished using AIPS. 3C 48 or 3C 147 were used to calibrate the bandpass and set the flux-density scale; 0240−231 was used to track the complex gain. Data corrupted by radio-frequency interference (RFI) were excised using channel-and time-based flagging. The final mosaiced image, made using the WPROJECT algorithm after several rounds of selfcalibration in phase, and one round of self-calibration in amplitude, reaches an RMS sensitivity of 45 µJy beam −1 over 70 ′ × 70 ′ , encompassing the positions of all 99 ALESS MAIN SMGs. Multiple facets were created using the wide-field Clark CLEAN algorithm with Briggs weighting (RMODE = 'norm', ROBUST = 0). The synthesised beam measured 4.4 ′′ × 3.0 ′′ at position angle, 24.3
• .
VLA 1.4-GHz observations
We rely on data from the VLA 1.4-GHz Survey of the ECDFS DR2 (Miller et al. 2013 ), a re-reduction of the same 250 h of Aconfiguration data taken from 2007 June -September as were used by Biggs et al. (2011) to produce the first deep radio catalogue of ECDFS. This updated map covers an area of a third of a square degree, and reaches an RMS sensitivity at the centre of the field of 6 µJy beam −1 . 93 of the 99 ALESS MAIN SMGs lie within the VLA coverage. The angular resolution, 2.8 ′′ × 1.6 ′′ , closely matches that of the ALMA observations, and we use this new map to directly identify radio counterparts to these SMGs.
In order to account for the effects of bandwidth smearing (BWS) -which tend to decrease the peak flux density and elongate sources radially towards the phase centre of each pointing in wide-bandwidth interferometer images (Bridle & Schwab 1989 ) -we use information contained within the DR2 image header and follow the technique of Arumugam et al. (2014, in prep) to create a map of BWS as a function of position, from which we measure typical flux corrections of 10-15 %.
Optical-far-IR data and photometric redshifts
In our analysis we exploit previously-measured photometric redshifts and far-IR luminosities. Here, we briefly summarise these data. Simpson et al. (2013) derived photometric redshifts (z phot ) for the ALESS SMGs utilising panchromatic imaging from the optical to mid-infrared. This comprises U to K-band imaging from the MUltiwavelength Survey by Yale-Chile (MUSYC: Gawiser et al. 2006) , J & K imaging from ESO-VLT/HAWK-I (Zibetti et al., in prep) and the Taiwan ECDFS NIR Survey (TENIS: Hsieh et al. 2012) , and images from the Spitzer IRAC/MUSYC Public Legacy in ECDFS (SIMPLE: Damen et al. 2011 ) at 3.6, 4.5, 5.8 and 8.0 µm. Using the HYPERZ code of Bolzonella et al. (2000) , they estimate redshifts for 78/99 ALESS MAIN SMGs, with a median uncertainty ∆z = ±0.21. 17 of these SMGs lie at z > 3. The remaining 21 MAIN SMGs have insufficient optical/near-IR photometry to measure reliable redshifts, but are statistically expected to lie at z ∼ 2.5-4.0. Full details of this redshift fitting procedure and of the z phot distribution and comparison with available spectroscopic redshifts are presented in Simpson et al. (2013) .
To derive the far-infrared (FIR) properties of the ALESS SMGs, Swinbank et al. (2014) fit the deblended 250-500 µm Herschel SPIRE photometry (Pilbratt et al. 2010; Griffin et al. 2010) Swinbank et al. (2014) .
Final sample
For the remainder of this work, we restrict our analysis to the 76 ALMA 870 µm-detected SMGs with measured z phot (Simpson et al. 2013 ) and deblended far-IR luminosities, LIR (Swinbank et al. 2014) , which lie within the area covered by the VLA 1.4 GHz map. We refer to this as the "full sample", and identify VLA-detected and GMRT-detected sub-samples as appropriate throughout the analysis. This sample selection is summarized in Table 1 .
We present ALMA, GMRT and IRAC postage stamps of a representative selection of these SMGs in Figure 1 , from which we see the good astrometric agreement between the three sets of data, as well as evidence of multiplicity in the IRAC images.
ANALYSIS AND RESULTS
On visual inspection of the radio data, we find that the majority of our sample are unresolved at the resolutions both of the VLA 1.4-GHz and GMRT 610-MHz maps. Since both radio maps are in units of Jy beam −1 , we measure the radio flux densities of these sources by taking the peak pixel value in each map within a 2-arcsec aperture centred on each ALMA ID, and applying a BWS correction from the appropriate pixel in the smearing map (typically ∼ 10-15%). For those sources that appear to be extended on scales greater than the VLA synthesized beam, we import postage stamps into AIPS and measure their flux densities within a polygonal region using the task BLSUM. In total, we detect 52 SMGs at > 3σ in the VLA map, of which 35 are also detected at > 3σ in the GMRT map. All GMRT-detected SMGs have a secure VLA counterpart. For those sources not detected in one or both radio maps, we assign a 3σ upper-limit to the flux density using an estimate of the local noise.
In order to investigate the radio-faint SMG population in the ECDFS, we perform a stacking analysis of the non-detectionsstacking both maps at the positions of those ALMA SMGs not detected in either band (Stack 1), we measure bootstrap median flux densities of S1.4GHz = 10 ± 1 µJy and S610MHz = 38 ± 5 µJy, while the stack of those sources detected at 1.4 GHz but not at 610 MHz (Stack 2) has median flux densities S1.4GHz = 30±3 µJy and S610MHz = 38 ± 6 µJy. The underlying greyscale is from Spitzer IRAC Channel 1 (3.6 µm). The GMRT 610-MHz data are represented with blue contours, the VLA 1.4-GHz data by green contours, and the ALMA 870-µm data by red contours. We see good astrometric agreement between all four sets of images. In all cases, contours are spaced at −3, 3, 3 √ 2σ and in steps of √ 2σ thereafter. The field of view of these postage stamps roughly corresponds to the area covered by the LABOCA beam, illustrating the improvement in angular resolution offered by ALMA, and the unambiguity with which the SMG(s) can be precisely located within the LABOCA positional uncertainty. Importantly, we see that much of the strong radio emission seen near ALESS 010.1 originates from a pair of interlopers at z phot = 0.89 ± 0.06 and z phot = 0.91 ± 0.03, and not from the ALMA SMG at z phot = 2.36 ± 0.08, highlighting the importance of high-resolution ALMA observations to correctly identify the counterpart to the single-dish detection. Typical synthesized beams for the GMRT, VLA and ALMA observations are shown in the bottom-right panel in blue, green and red, respectively.
Radio spectral index measurement
We use our updated VLA catalogue in conjunction with new GMRT data to measure the radio spectral indices of ALESS SMGs between 610-MHz and 1.4-GHz, which we assume to follow a simple power law, Sν ∝ ν α , where α in any individual galaxy is typically determined by the relative importance of steep-spectrum, non-thermal synchrotron emission (α ∼ −0.8) versus the flatterspectrum (α ∼ −0.1) thermal free-free component which traces ionised HII regions around young, massive stars (Condon 1992).
In the 52 SMGs for which we have reliable z phot and robust VLA 1.4-GHz detections (including those with limits on their GMRT flux densities), we measure a median spectral index of α all = −0.79 ± 0.06 (where the uncertainty given is the standard error, σ/ √ N ). In Figure 2 we show the distribution of the data (αi) around the median (α). The Mean Absolute Deviation in these spectral index measurements is MAD = −0.049. We find that 90% of the data lie in the range α = [−1.54, −0.16], and that the inter-quartile range is α = [−1.16, −0.56]. These results are consistent with the spectral index α = −0.75 ± 0.06 measured by Ibar et al. (2010) for a sample of z ∼ 2 submillimetre sources in the Lockman Hole, and with radio spectra that are, on average, dominated by optically-thin sychrotron emission from star formation.
We assign spectral indices to those SMGs which are undetected in either map using the flux densities measured from our stacking analysis. For the 24 SMGs with no radio counterpart in either band (Stack 1), we measure α stack = −1.57 ± 0.08 and L1.4GHz = 8.3 × 10 22 W Hz −1 , at the median redshift z phot = 2.57 ± 0.06. For the 17 SMGs with a VLA counterpart but no GMRT counterpart (Stack 2), we measure α stack = −0.29 ± 0.08, considerably flatter than the median spectral index for the full sample. Using this spectral index, we K-correct the stacked 1.4 GHz flux density to the median redshift of these SMGs, z phot = 2.30 ± 0.24, and measure L1.4GHz = 1.1 × 10 24 W Hz −1 .
Far-infrared/radio correlation
In order to measure the rest-frame 1.4 GHz radio luminosities (L1.4GHz) of the ALESS SMGs, we K-correct their observed VLA flux densities using measured spectral indices where available (i.e. for those SMGs with secure VLA+GMRT detections), and use limits on α (derived from 3 σ GMRT flux limits) to assign upper limits to radio luminosities elsewhere. With these measurements of L1.4 GHz, and using LIR from Swinbank et al. (2014) , we measure a median qIR = 2.56 ± 0.05 for our full sample of SMGs (MAD = −0.055, and find that 90% of the data lie between qIR = [1.67, 3.21], with inter-quartile range qIR = [2.42, 2.78])). Restricting our analysis to the 52 SMGs detected at the VLA gives qIR = 2.58 ± 0.07. Both of these values agree with the measurements of Bell (2003, who measured qIR = 2.64 ± 0.02, for a heterogeneous sample of z < 0.1 star-forming galaxies), Sargent et al. (2010, who measured qIR = 2.67 ± 0.12 in 591 z ∼ 2 ULIRGs in the COSMOS field), and Barger et al.
(2012, who measured qIR = 2.51 ± 0.01 in a sample of 16 SMGs with high resolution 860 µm Submillimeter Array imaging, fit with an Arp 220 template). However, they are higher than the median qIR = 2.40 ± 0.12 reported by Ivison et al. (2010b) for a sample of IR-bright (S250 µm 20 mJy) galaxies out to z < 3.5, and higher too than qIR = 2.17 ± 0.19, as measured by Magnelli et al. (2010) for a sample of bright (S850µm > 5 mJy) single-dish submillimetre sources observed in GOODS-N.
Direct comparison of results from these different studies is difficult due to the inhomogeneous way in which the samples have been selected. In both Ivison et al. (2010b) and Magnelli et al. (2010) , single-dish submillimetre sources are associated with individual galaxies via the use of statistical techniques, and a combination of mid-IR and radio prior catalogues. Such statistical associations frequently fail to identify a large fraction of submillimetre sources, and those sources that are identified may not be representative of the submillimetre-selected population as a whole. For instance, using deep radio and mid-IR imaging, Biggs et al. (2011) statistically identify probable counterparts to 63% of the LABOCA-detected SMGs in ECDFS: 45% with counterparts in both radio and MIPS and 18% in just a single band (∼ 10% of these SMGs have several robust counterparts), leaving at least 37% still unidentified. In fact, the situation was shown to be even worse when ALMA observations of this sample became available -in Hodge et al. (2013) it was shown that the probabilistic radio/mid-IR counterpart identification pinpoints the correct counterpart to the SMG only ∼ 55% of the time, leaving nearly half of the submillimetre sources without identifications, and moreover that ∼ 20% of those counterparts claimed as "robust" are in fact misidentifications. By directly locating the source of the submillimetre emission with ALMA (without the need for prior radio identification), we create a complete SMG census that includes radio-faint SMGs, and so it is expected that the typical qIR should increase relative to previous SMG studies.
ALMA-blank maps
A surprising finding of our programme of ALMA follow-up observations to the original LESS survey was that 17/88 "good" ALMA maps (∼ 20%) contained no ALMA sources above a 4σ threshold of 2.8 mJy beam −1 , despite the corresponding LABOCA maps having an average flux SLABOCA = 5.0 ± 0.2 mJy (Hodge et al. 2013) . Among the plausible explanations for this phenomenon are: (i) that a significant fraction of the original LABOCA detections are spurious; (ii) that the LABOCA detections are not spurious, but arise from a population of sources that are spatially extended and/or fragment in to multiple components, in which we expect to recover very weak emission within the much smaller ALMA beam; (iii) that incompleteness in source extraction process has resulted in a large number of bona-fide SMGs being overlooked in our ALMA maps. Here, we attempt to address this issue by investigating the radio properties of these 17 "good", but ALMA-blank fields, using both the VLA and GMRT maps, and the latest photometric redshift catalogue of ECDFS from Simpson et al. (2013) .
We fail to find emission in either radio band at the > 3σ level in 8/17 ALMA-blank pointings (LESS 33, 47, 53, 77, 86, 90, 100, 123) . Of the remaining 9 fields, 5 (LESS 21, 27, 95, 96, 104) have only tentative Spitzer MIPS or VLA counterparts to the LABOCA source (with a probability of being misassociations p > 0.05; Biggs et al. 2011) , while four (LESS 78, 108, 111, 120) were deemed to have "robust" MIPS or radio SMG counterparts in Biggs et al. (2011) . Of these four "securely" identified submillimetre sources, one (LESS 78) lies outside the footprint of the MUSYC near-IR survey, and hence is not in the photometric redshift catalogue of Simpson et al. (2013) . Of the remaining three ALMA-blank LABOCA sources, one (LESS 108) shows strong (> 10σ) VLA and GMRT emission extending over ∼ 48 ′′2 (∼ 24 ALMA beam areas), which appears to be associated with a foreground (z phot = 0.19 ± 0.06) disk galaxy. If the LABOCA flux of 9.3 ± 1.2 mJy reported in Weiß et al. (2009) is extended over a similarly large area, then we expect a peak ALMA flux density of ∼ 0.4 mJy beam −1 , approximately 1 × σ in the good maps. Thus the ALMA non-detection of LESS 108 is unsurprising. The remaining two ALMA-blank LABOCA sources (LESS 111, 120) each have a single, plausible ∼ 4σ radio counterpart within ∼ 8
′′ of the LABOCA centroid, lying at z phot = 2.59 ± 0.06 and z phot = 1.51 ± 0.17, respectively. However in addition, these two fields also feature 4 and 7 MUSYC or IRAC galaxies, respectively; given that ALMA sees no evidence of strong, compact 870-µm emission in either field, we conclude that the measured LABOCA fluxes within these fields (SLABOCA = 5.2 ± 1.3 mJy and SLABOCA = 4.9 ± 1.3 mJy) are most likely the sum of the fluxes of these individual galaxies, none of which individually may lie above the ALMA detection threshold. LESS 108 is clearly misidentified as a radio-detected SMG; if the Biggs et al. (2011) radio counterparts to LESS 78, 111 & 120 are similarly misidentified, then the fraction of "robust" counterparts in the ALMA-blank maps which are misidentifications is 4/17 (∼ 24%), comparable to the fraction of radio-misidentified counterparts reported in Hodge et al. (2013) for the ALESS MAIN sample.
We note that 13/17 ALMA-blank LABOCA sources also lack strong radio counterparts, and thus, we conclude that there is no reason to believe our ALMA source extraction process has missed a significant number of bona-fide luminous z ∼ 2 SMGs. We believe that intrinsic properties of these LABOCA sources (i.e. extreme multiplicity and/or very extended emission) are the reasons why they are not detected in our ALMA maps.
DISCUSSION AND CONCLUSIONS
Radio spectral properties
While the majority of SMGs in our sample have measured spectral indices within the range defined by free-free (α ∼ −0.1) and synchrotron emission (α ∼ −0.8), a minority have spectral indices outside this range. Of the (biased) subset of 35 SMGs with robust counterparts in both radio maps and z phot , 12 are ultrasteep spectrum (USS; α < −1.0) sources lying at a median z = 2.4 ± 0.4, while two SMGs (at z = 2.33 and z = 4.47) have inverted (α > 0) radio spectra. Such diversity in the radio spectral properties of galaxies has been seen before, for example by Murphy (2013) , who in a study of the radio properties of 31 major mergers demonstrated a correlation between α and the merger phase, wherein early-stage mergers (with distinct galaxy nuclei but interpenetrating, strongly synchrotron-emitting magnetic fields forming a "bridge" between nuclei) have the steepest spectra (α < −1.0), and late-stage (i.e. compact, fully coalesced) major mergers have flatter spectra (α 0.0) due to higher free-free optical depths. Ultra-steep spectrum radio emission is also seen around high-redshift radio galaxies (HzRGs; indeed this is how they are detected), which may be due to a combination of observational effects (e.g. redshifting of a concave radio spectrum which flattens at higher frequencies: Afonso et al. 2011) , or may be intrinsic, i.e. Figure 2 . Histograms of the absolute deviation from the median in and α and q IR , respectively, for the 52 VLA-detected SMGs. The mean absolute deviations in α and q IR are -0.049 and -0.055, respectively. The wide range of radio spectral properties -which is unaccounted for, in studies which assume α ∼ −0.8 -is, due to K-correction, partly responsible for the wide spread of q IR measured in this sample.
linked to the expansion of collimated jets in dense environments (Bryant et al. 2009 ), or due to compact nuclear activity (Argo et al. 2013) .
In order to determine whether our USS SMGs are associated with early-stage merger activity, we search for evidence that they lie in over-dense regions of ECDFS; if merger activity is responsible for these steep radio spectra, then we may expect to find that these SMGs have, on average, more close companions than do those SMGs whose radio spectra are more typical of fully coalesced starbursts. We compute the redshift distribution, N (z), for all IRAC-detected galaxies within the ALMA primary beam centred on each of the USS SMGs, which we compare with the aggregate N (z) for all IRAC-detected galaxies within the primary beam of all ALMA SMGs. From this analysis, we find weak evidence (∼ 2σ) of an excess of 0.5 IRAC sources within the ALMA primary beam between 2.0 < z < 3.5 with respect to the density of IRAC sources around non-USS SMGs.
Far-infrared/radio correlation
Our median qIR = 2.56 ± 0.05 is higher than previous measurements obtained for SMG samples (e.g. Ivison et al. 2010b; Magnelli et al. 2010 ), although we note that previous SMG samples have typically been biased towards sources with strong radio emission via the reliance on radio imaging to obtain counterpart IDs. Our latest measurement of qIR is in good agreement with the value measured in local star-forming galaxies (Bell 2003) .
In Figure 3 we plot qIR versus redshift for our sample of 76 ALESS SMGs. We search for evolution in qIR, but find no compelling evidence for any such evolution: we fit qIR ∝ (1 + z) γ , where γ = −0.15±0.17 (cf. the weak evolution γ = −0.26±0.07 measured by Ivison et al. 2010b ). If we further restrict our analysis to the 35 SMGs with secure (> 3σ) detections in both radio maps and z phot (i.e. those SMGs for which we can directly measure α), then we measure γ = −0.01 ± 0.09. However, we caution that this sample is more biased than the previous fit.
The lack of any measurable evolution in qIR with redshift (both within our sample, and between our sample and local results) is at slight odds with theoretical predictions, which suggest that qIR should begin to increase at greater look-back times (i.e, z 3), where the warmer CMB temperature should lead to increased Inverse Compton-cooling of cosmic-ray electrons with redshift, which in turn should suppress the non-thermal synchrotron emission from normal star-forming galaxies (e.g. Murphy 2009 ). That we measure no such evolution most likely suggests that the magnetic fields in these SMGs are large enough (i.e., 50 µG) to combat this effect. However, it is also possible that other physical processes may be at work, which conspire to offset the increased effect of ICcooling at high redshift and preserve the local FIRRC. A number of candidate processes are discussed in Murphy (2009) as the result of the high ISM density of SMGs, including: (i) an increase in the production of secondary electrons arising from an increase in protongas collisions (also see Lacki & Thompson 2010) ; (ii) an increase in the acceleration efficiencies of cosmic-ray electrons due to shortening the adiabatic expansion of supernova remnants. In the case where the SMGs are in fact major mergers, a significant amount of excess radio emission may arise from tidal bridges and tails that are not associated with star formation (Murphy 2013) . Conspiracy to maintain the FIRRC at high-redshift could also be achieved due to variations in the dust properties of galaxies in the early universe, including the chemical composition of dust, the dust-to-gas mass Swinbank et al. (2014) , respectively. We search for evolution of the form q IR ∝ (1 + z) γ , but find that the data are consistent with no evolution: γ = −0.15 ± 0.17. The black bar located in the upper-right corner of the sub-figure shows the typical measurement uncertainty on q IR . We see no evidence of a strong correlation between q IR and T dust . Top-right: q IR versus L 1.4 GHz . For SMGs without a robust radio counterpart, we assign 3σ limits to L 1.4 GHz and q IR based on an estimate of the local noise around each source. SMGs with a VLA detection but no GMRT counterpart have unknown spectral indices -taking the 3 σ GMRT flux limits, we obtain a limit on α, which in turn gives upper limit to the K-corrected L 1.4 GHz . Included in the plot is a stack of all VLA non-detected sources ('Stack 1'), where the radio luminosity is calculated by placing the stack at the median redshift, and K-correcting using the median spectral index of the sample. Bottom-left: Radio spectral index, α, versus L 1.4GHz for the 52 VLA-detected SMGs. Those SMGs with a VLA detection but no GMRT 610 MHz detection to constrain the spectral index are plotted as 3σ limits. We include the result of stacking both radio maps at the positions of ALMA sources with a VLA counterpart but no GMRT counterpart (Stack 2) and at the positions of ALMA sources with no counterpart in either radio map (Stack 1, as described above), assuming the stacks lie at the median photometric redshift of each sub-sample and K-correcting using the measured spectral index of the stack. The stacks lie below the median L 1.4 GHz , but within the scatter of the data, suggesting that these SMGs are representative of the faint end of the luminosity function. Bottom-right: L 1.4 GHz versus redshift for all 76 SMGs in the ALESS photometric sample. In all four sub-figures, SMGs with properties outside the range of the displayed colour bar are plotted with grey symbols, and SMGs with strong X-ray counterparts from Wang et al. (2013) are plotted with diamonds. ratio, and the size distribution of grains. While possible, Draine (2009) argue that these properties do not appear to vary significantly, at least between local star-forming galaxies and for highredshift QSOs. In Figure 3 , we see at a given redshift no evidence of a correlation between qIR and the dust temperature, T dust , measured in (Swinbank et al. 2014) ; however the measured dust temperatures do systematically increase with redshift. If this increase in T dust with z correlates with a decrease in SMG size with increasing redshift, then the associated increase in energy density with redshift would provide an additional resilience against CMB losses.
Identification of candidate AGN
X-ray studies (e.g. Alexander et al. 2005; Pope et al. 2006 ) have been successful in identifying signs of AGN activity in some SMGs. However it is known that even the deepest such studies have sensitivity limits that preclude the detection of the most obscured, Compton-thick AGN, whose intrinsic X-ray spectra are heavily attenuated by the intervening column of dust and gas (NH 10 24 cm −2 ). Mid-IR studies (e.g. Valiante et al. 2007; Pope et al. 2008 ) have provided one means of (indirectly) detecting heavily obscured AGN, by tracing the dust heated to T dust ∼ 200-1000 K via X-ray absorption, however intense star formation activity can dominate the entire IR SEDs of galaxies, which makes the task of decomposing SEDs into separate contributions arising due to star formation and AGN non-trivial (Mullaney et al. 2011) .
Radio emission provides an extinction-free means of identifying AGN, and has traditionally divided AGN into two groups: (i) radio-loud AGN (L1.4GHz 10 24 W Hz −1 ), which exhibit radio jets and lobes on scales of several kpc (Yun et al. 2001) ; and (ii) radio-quiet AGN, which produce weaker, flat-spectrum radio emission that is confined within a compact, pc-scale core (Blundell & Kuncic 2007) . Del Moro et al. (2013) use a joint analysis in the IR and radio bands to isolate such "radio excess" sources, which deviate significantly from the FIRRC relation, and perform multi-band SED fits to constrain the influence of any mid-IR AGN component. Here, we briefly perform a similar analysis to identify candidate radio-excess AGN hosts -we find four SMGs whose qIR values are > 2σ lower than the sample median (qIR < 1.7). Of these four SMGs, one (ALESS 066.1) has already been classified as an AGN host based on its X-ray spectral properties (Wang et al. 2013) . Its inverted radio spectrum (α > 0.51, based on a 3 σ GMRT flux limit) and high radio luminosity (L1.4GHz = 7.6 × 10 24 W Hz −1 ) are consistent with compact nuclear activity. Of the remaining three qIR < 1.7 SMGs, one (ALESS 014.1) has a flat radio spectrum (α > 0.07) and L1.4GHz = 2.0×10 25 W Hz −1 , while the other two (ALESS 094.1 & ALESS 118.1, both of which have VLA but not GMRT detections) have spectral index limits that are consistent with star formation (α > −0.78) and radio luminosities L1.4GHz < 1.0 × 10 26 W Hz −1 and L1.4GHz < 6.3 × 10 24 W Hz −1 . Taken at face value such high radio luminosities are strongly suggestive of powerful AGN activity, however we caution that three of these candidate AGN-hosts are not detected in the 610 MHz GMRT map. By assigning 3σ upper limits to their GMRT flux densities, we impose a steep spectrum and strong Kcorrection which will naturally boost L1.4GHz and lower qIR. We therefore caution that although qIR is a useful metric for the identification of candidate AGN, the implications of using this metric are unclear if the spectral index, α, is not well constrained (as it is in ALESS 014.1).
Trends in α and qIR in high-redshift ULIRGs
In Figure 4 , we plot α and qIR for the ALESS SMGs, and overplot model tracks from Bressan et al. (2002) for evolving starburst galaxies. Histograms on the x and y axes highlight the breadth of the distributions in α and qIR. We see in the data an apparent linear correlation between α and qIR, and investigate whether this correlation is real or the result of selection effects by generating a catalogue of 500,000 mock galaxies with LIR, α and qIR drawn randomly from the data, with random redshifts in the range 1.5 < z < 3.5, and computing the corresponding flux densities at 870-µm, 1.4-GHz and 610-MHz. We classify our mock galaxies as "observable" if both the 870 µm and 1.4 GHz flux densities are above the survey sensitivity limits, and "unobservable" if one or both flux densities lie below the corresponding threshold. Next, we bin the "observable" galaxies in qIR with bin widths ∆qIR = 0.1 and determine the ±5σ range of α in each bin. Hence we determine a 5σ selection boundary (shaded in light grey) precluding the detection of flat/inverted spectrum sources that also have a high far-IR/radio flux ratio. We see no evidence of a selection boundary within the plot range affecting our ability to detect steep spectrum SMGs with low qIR. From this, we conclude that the lack of ultra steep-spectrum sources with low qIR in our sample is real.
In models of isolated, obscured starbursting galaxies (e.g. Bressan et al. 2002) , the relative strengths of radio and far-infrared emission are predicted to be a sensitive function of age, such that over its lifetime, a starbursting galaxy will trace out a unique track in a plot of α versus qIR. At early times, heating of dust by massive stars is thought to elevate LIR before the first supernovae occur. The radio spectrum of such a young starburst is hence likely to be dominated by the flatter-component free-free emission, and qIR is elevated. As the starburst ages, non-thermal radio emission from supernova-accelerated cosmic ray electrons rapidly begins to dominate, steepening the radio spectrum, boosting L1.4GHz, and lowering qIR. As the starburst activity finally draws to a halt, both LIR and L1.4GHz decline over time such that qIR and α approach asymptotic values. Bressan et al. (2002) provide model tracks of α and qIR for evolving starburst galaxies, which we test against our data by segregating the galaxies in Figure 4 into three "age" groups, representing the "old" (220-400 Myr), "middle-aged" (33-130 Myr) and "young" (0-20 Myr) ends of the model tracks. We look for correlations of age with the star formation rates (SFRs), dust masses (M dust ), dust temperatures (T dust ) and stellar masses (M⋆) measured by Swinbank et al. (2014) . We find no evidence of significant correlations between SFR or T dust and location on the evolutionary tracks, but do find evidence of weak correlations between M⋆ and age, and between M dust and age (see Table 2 ). These correlations are weak due to the small number of SMGs in each "age" bin, but it is suggestive that the correlations appear to run in the sense that they are expected to, i.e. galaxies at the more "evolved" ends of the tracks appear to have higher M⋆ and M dust .
At the bottom-right corner of the plot, the USS SMGs depart significantly from the Bressan et al. (2002) model tracks. If these galaxies are indeed on-going, early-stage major merger events, then they may represent a population of proto-starburst galaxies which have not yet reached the beginning of the Bressan et al. (2002) starburst evolutionary tracks. However, we find that their high values of qIR are not due to those SMGs being abnormally bright at infrared wavelengths ( LIR USS = (3.6 ± 0.7) × 10 12 L⊙, compared to LIR = (3.2±0.3)×10
12 L⊙ for the non steep-spectrum ALESS MAIN sample), but rather are the result of them being comparatively c 2014 RAS, MNRAS 000, 1-11 Figure 4 . Radio 610 MHz/1.4 GHz spectral index, α, versus far-infrared/radio correlation parameter, q IR for the 52 VLA-detected SMGs in ECDFS (histograms of both quantities illustrate the widths of the distributions). Galaxies are colour-coded by redshift between 1 < z < 3.5, with all galaxies outside this range plotted in light grey. We plot 3σ limits for those SMGs with a VLA detection but no corresponding GMRT detection to constrain α. Galaxies with a confirmed X-ray detection are over-plotted with colour-coded diamonds. In the top-left we show typical error bars on both quantities. The large black and grey stars show the locations of stacks of (i) SMGs with a VLA detection but no GMRT counterpart (Stack 2), and (ii) SMGs with no detection in either radio map (Stack 1), respectively. The shaded region at the top-right highlights a selection boundary (see text for details). Lastly, we plot example tracks from the models of Bressan et al. (2002) , along which galaxies are expected to evolve in the directions indicated, and isolate regions where we expect to find old, middle-aged, and young galaxies. The model tracks run from log(tyr) = 6.3-8.6 in 21 logarithmically-spaced steps (marked with filled grey squares). From the far-IR properties reported in Swinbank et al. (2014) , we measure weak correlations between both M⋆ and M dust and predicted age as expected for this evolution.
faint in the radio ( L1. GHz,USS = (3.6 ± 0.3) × 10 23 W Hz −1 , compared to L1.4 GHz = (8.0±1.4)×10
23 W Hz −1 in the MAIN SMGs). The measurement of a suppressed radio luminosity in the USS SMGs is at odds with the proposed mechanism for steepening their radio spectra in the first place ( § 4.1; Murphy 2013 ). An alternative hypothesis is that some of the USS sources may in fact be low-luminosity examples of the "compact steep spectrum" class of objects (O'Dea 1998), whose radio emission is thought to arise primarily in frustrated radio jets whose propagation away from the central black hole is truncated by interactions with dense gas in their environments. Differentiating between these two scenarios is beyond the scope of the present work, due to the need for radio maps of kiloparsec-scale resolution to be able to detect asymmetries in the radio surface brightness profiles of these USS sources, which would be the "smoking gun" of frustrated jet activity. Swinbank et al. (2014) . Uncertainties are given by the standard error, σ/ √ N , where N is the number of SMGs in each bin.
CONCLUSIONS
We have presented the results of a study into the radio properties of ALMA-identified SMGs from the LABOCA 870 µm survey of the ECDFS (Weiß et al. 2009; Hodge et al. 2013 ). Bringing together high-angular resolution ALMA 870 µm observations, publicly available VLA 1.4 GHz imaging (Miller et al. 2013) and new, deep 610 MHz imaging from GMRT, we have been able for the first time both to (i) obtain unbiased identification of counterparts to the submillimetre source without using prior radio/mid-IR observations, and (ii) K-correct the observed radio flux densities and measure radio luminosities (L1.4GHz) using an individual spectral index (α) for each SMG. The radio properties of the ALESS SMGs are presented in Table 3 . For the full sample of 76 SMGs covered by the VLA observations, we measure a median α = −0.79±0.06, consistent with previous studies of SMGs (e.g. Ibar et al. 2010 ), but with a number of sources with peculiarly flat/inverted (α 0.0) or steep (α < −1.0) radio spectra, and measure a median logarithmic far-IR/radio flux ratio qIR = 2.56 ± 0.05. Finally, we have plotted the measured α and qIR for each VLA-detected galaxy, finding that the majority lie close to the evolutionary tracks of Bressan et al. (2002) , and that there is tentative evidence of a correlation between progress along the evolutionary track and both M⋆ and M dust .
Together, these findings highlight the potential for targeted ALMA and radio interferometric follow-up observations of SMGs detected in wide area submillimetre surveys to act as a laboratory for testing models of galaxy evolution at z 2.
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